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Abstract 
In this study, we present a combined experimental and theoretical study of the 
geometry, electronic structure, morphology, and photoluminescence properties of 
CaZrO3:Eu
3+ materials. The polymeric precursor method was employed to synthesize 
CaZrO3:Eu
3+ crystals, while density functional theory calculations were performed to 
determine the geometrical and electronic properties of CaZrO3:Eu
3+ in its ground and 
excited electronic states (singlet and triplet). These results were combined with X-ray 
diffraction (XRD) measurements to elucidate the local structural changes induced by the 
introduction of Eu3+ in the crystal lattice. This process results in the formation of 
intermediate levels in the band-gap (Egap) region, narrowing its width. The PL emissions 
were rationalized by characterizing the electronic structure of excited singlet and triplet 
electronic states, which provided deep insight into the main structural and electronic 
fingerprints associated of [CaO8], [EuO8], and [ZrO6] clusters. In addition, the Wulff 
construction, obtained from the first-principles calculations, was used to clarify the 
experimental morphologies. These results extend our fundamental understanding of the 
atomic processes that underpin the Eu doping of CaZrO3.  
 1. Introduction  
 
Photoluminescent materials have attracted significant attention due to their 
technological applications in the electronic industry, such as energy-efficient lighting, 
lasers, medical imaging devices, spectroscopy, and others. In general, when 
photoluminescent materials are excited by photons or ionizing radiation, they can emit 
light in the visible, ultraviolet (UV), and infrared (IR) regions 1-3. The fundamental 
mechanism associated with this process involves the trapping of excited electrons and 
holes in activators (which are impurity sites that generate intermediate states within the 
band-gap) and the recombination of electron-hole pairs, which results in the 
photoemission. In this sense, the structural and electronic properties exhibit a new 
equilibrium, showing as order-disorder effects change attractive and repulsive forces 
inside the solid through chemical bonds 4. Perovskite materials with ABO3 formula are 
promising candidates in this field, due to their structural versatility and stability, and are 
widely used in the electronic industry because of their ability to display a wide range of 
physical and chemical properties, depending of the metal occupancies of the A and B 
sites 5, 6. The ideal perovskite structure has cubic symmetry (Pm3m space group) 7, 8; 
however, the occurrence of local structural disorder in the A and B sites results in a 
large number of polymorphs with tetragonal, orthorhombic, rhombohedral, and other 
symmetries. Therefore, the intriguing properties associated with the perovskite materials 
have commonly been attributed to [BO6] clusters distorted through cation 
displacements, octahedral rotations, doping, and tilting 6, 9.  
 Calcium zirconate (CaZrO3, CZO) is a representative member of the perovskite 
family, which has received considerable attention due to its exceptional dielectric, 
catalytic, and photoluminescence (PL) properties. This material has numerous scientific 
and technological applications, such as hydrogen sensors, luminescence hosts, 
capacitors, catalysts, and so on10-15. At room temperature, CZO crystallizes in the 
orthorhombic structure (Pnma space group), where Ca2+ cations occupy the center of 
eight-fold [CaO8] clusters, while Zr
4+ ions form a three-dimensional (3D) sublattice of 
corner-connected [ZrO6] octahedra. In addition, all octahedral sites are slightly tilted 
with respect to their position in the ideal cubic perovskite structure, due to the mismatch 
of the alkaline earth ions to the A site clusters of the crystal structure 13, 16. 
 In the past years, the introduction of impurity elements via doping has attracted 
considerable interest as a possible way to enhance the intensity of the PL emissions and 
to control the photogeneration process. In this context, rare-earth cations show an 
unusual mechanism involving the conversion of low-energy near-infrared photons to 
high-energy visible photons, known as up-conversion 17. Therefore, several rare-earth-
doped perovskites have been synthesized by various methods and showed superior PL 
emission, as well as other interesting properties. In particular, successful applications of 
Eu3+, Tm3+, Dy3+, Yb3+, and Er3+ cations to enhance the PL properties of CZO have 
been reported by several authors 12, 16-22. Shimizu et al. reported the synthesis of Tb-Mg 
codoped CZO particles with enhanced luminescence intensity, attributed to the local 
lattice distortion resulting from the doping process 18, 23. Maurya et al. used solid-state 
reactions to synthesize Ho-Yb codoped CZO nanoparticles with enhanced up-
conversion of green light, which showed promising potential for optical applications 21. 
 Furthermore, several experimental studies reported the synthesis of Eu-doped 
CZO samples using different techniques. Sheetal et al. used a sol-gel combustion 
method to obtain CZO-Eu particles with remarkable red luminescence 22. Katyayan and 
Agrawal used conventional solid-state reactions to obtain Tb-Eu codoped CZO particles 
with high intensity and variable emissions, confirming the color tunability of the doped 
particles 20. On the other hand, Singh et al. have been prepared Er-Yb codoped CZO 
compounds by the urea combustion route, obtaining strong energy transfer up-
conversion emission in the green and red spectral regions 19. Despite the large number 
of experimental studies on Eu-doped CZO materials, the chemical and physical 
mechanisms associated with their superior PL emission remain unclear. 
 From a theoretical viewpoint, the investigation of PL emissions is a challenging 
task because it requires a detailed understanding of the excited states involved in the 
optical phenomena 1, 24. In our previous work, we presented a novel approach to explore 
ground (singlet) and excited (singlet and triplet) states involved in the experimental PL 
spectra of CZO nanoparticles 25. This approach was successfully applied by our group 
to investigate the mechanism of PL emission in SrTiO3, SrTiO3:Sm, CaWO4, BaZrO3, 
and BaZr1-xHfxO3 solid solutions, based on the characterization of excited electronic 
states 26-31. 
 The present work combines theoretical and experimental analyses to investigate 
the PL mechanism and its relationship with the excited electronic states of Eu-doped 
CZO crystals. The main novelty of this study lies in the rationalization of the PL 
emission of these materials through the analysis of the structural and electronic order-
disorder effects associated with the Eu doping of the CZO matrix. 
 
 
 
 
2. Experimental procedures and computational details 
 
2.1. Synthesis and characterization 
Pure CZO 32 and europium-doped calcium zirconate (CZO:Eu3+) powders were 
prepared by the polymeric precursor method (PPM). The CZO:Eu3+ powders were 
synthesized using calcium chloride dihydrate (CaCl2·2H2O, 99%, Synth), zirconium 
oxychloride (IV) octahydrate (ZrOCl2·8H2O, 99.5%, Sigma-Aldrich), europium oxide 
(Eu2O3, 99%, Sigma-Aldrich), ethylene glycol (C2H6O2, 99.9%, J. T. Baker), and citric 
acid monohydrate (C6H8O7·H2O, 99.5%, J. T. Baker). 
Zirconium citrate was formed by dissolution of ZrOCl2·8H2O in a citric acid 
aqueous solution under constant stirring. The citrate solution was stirred at 60 °C to 
obtain a clear homogeneous solution, and CaCl2·2H2O was added to yield a 1:1 Ca/Zr 
molar ratio and a 1:6 molar ratio of citric acid relative to the total molar amount of the 
metals used. Doping by Eu3+ ions was fixed to 10 mol% by adding stoichiometric 
amounts of an Eu2O3 solution (prepared by dissolution of Eu2O3 in concentrated HCl) to 
the solution of Ca2+ ions and Zr citrate. After homogenization of the solution, C2H6O2 
was added to promote a polyesterification reaction, using an acid/ethylene glycol mass 
ratio fixed to 60:40. Pure CZO resin powders (prepared in advance) were initially heat-
treated at 400 °C for 4 h and then annealed at 900 °C for 2 h. The corresponding 
crystalline profiles matched with JCPDS card No. 35-0790, showing that the pure and 
10 mol% Eu3+-doped samples have an orthorhombic structure belonging to the Pcnm 
space group. 
The pure and doped CZO powders were characterized by X-ray diffraction 
(XRD) with a Rigaku DMax 2500PC diffractometer using Cu Kα (λ = 1.5406 Å) 
radiation. Data were collected in a 2θ range from 10° to 90°, with a 0.5° divergence slit 
and a 0.3 mm receiving slit, in fixed-time mode, with a 0.02° step size and a 1 s/point 
rate. PL spectra were collected with a Thermal Jarrel Ash Monospec 27 monochromator 
and a Hamamatsu R446 photomultiplier. The 350.7 nm wavelength from a krypton ion 
laser (Coherent Innova) was used as excitation source; the nominal output power of the 
laser was maintained at 200 mW. Microstructural characterization was performed by 
field emission gun-scanning electron microscopy (FEG-SEM) using a Zeiss Supra™ 5 
instrument. UV–vis absorption spectra of the annealed samples were obtained in total 
diffuse reflectance mode with a Cary 5G spectrometer. All measurements were 
performed at room temperature. 
 
2.2. Computational details 
First-principles calculations within the periodic density functional theory (DFT) 
framework, using the hybrid B3LYP exchange-correlation functional, were performed 
with the CRYSTAL14 program33-35 to characterize the pure and Eu3+-doped CZO 
systems. All-electron basis sets were used to describe Ca 36, Zr 37, and O 38 atomic 
centers, whereas an effective core potential (ECP) pseudopotential, with 11 valence 
electrons described by (5s5p4d)/[3s3p3d] (VTZ quality) basis sets, was used for the 
trivalent Eu atom 39. According to the f-in-core approximation, the electrons of the 4f 
shell of Eu3+ are incorporated in the pseudopotential. Thus, an explicit treatment of the 
open 4f shell is not required, which represents an important advantage from a 
computational viewpoint. 
Regarding the density matrix diagonalization, the reciprocal space net was 
described by a shrinking factor of 4, corresponding to 36 k-points generated according 
to the Monkhorst–Pack scheme 40. The accuracy of the evaluation of the Coulomb and 
exchange series was controlled by five thresholds, whose adopted values were 10-8, 10-8, 
10-8, 10-8, and 10-16. An orthorhombic supercell of 79 atoms, corresponding to 2×1×2 
conventional cells, was used to simulate the CZO:Eu3+ (12.5%- doped) system, in which 
two Ca2+ ions were replaced by two Eu3+ ions and a calcium vacancy (VCa) was created 
in order to neutralize the unit cell (Eq. 1).  
 
CaZrO3 +  Eu(III)   →   Ca0.8125 Eu0.125ZrO3   (+ 0.0625VCa)        (1) 
 
In addition, the surface energies (Esurf) of the (001), (121), (100), (011), (201), 
(111), and (101) cleavage planes were calculated using the Wulff construction 41. The 
Visualization for Electronic and Structural Analysis (VESTA) program 42 was used to 
generate the Wulff construction and for visualizing the morphological mappings of 
CZO:Eu3+ crystals. 
 In order to understand the PL mechanism associated with the CZO:Eu3+ (12.5%-
doped) material, excited states calculations were carried out considering for both excited 
singlet (s*) and triplet states (t*) derived from the singlet ground state (s). In this case, 
the t* state was modeled by fixing the difference between spin-up (α) and spin-down (β) 
populations (nα – nβ = 2) in the self-consistent field (SCF) calculations. The electronic 
structure was investigated by analyzing the band structures, the density of states (DOS), 
and the spin density isosurfaces. 
It is important to point out that in this study the Eu3+ doping of the CZO matrix 
was modeled allowing lattice and atomic position relaxation for the singlet state, and  
calculations were carried out for both bulk and slab models, using the optimized cell for 
ordered and disordered models of CZO reported in our previous work 25; this enabled 
the computational treatment of the main electronic features associated with the doping 
process and the optical properties. 
 
3. Results and discussion 
3.1. X-ray diffraction analysis 
Figs. 1a and 1b show the XRD patterns of pure and 10 mol% Eu3+-doped CZO 
crystals, respectively. The as-synthesized samples display a pure orthorhombic single 
phase (a = 5.591 Å, b = 8.017 Å, c = 5.761 Å) with Pcnm space group, according to the 
Inorganic Crystal Structure Database (ICSD) card number 97464 43. Both samples show 
well-defined peaks, denoting a high degree of crystallinity, without any secondary 
phases. 
FIGURE 1 
In both crystals, the strongest peak around 2θ = 31.60° corresponds to the (121) 
crystalline plane; however, doping with Eu3+ cations alters the lattice parameters, due to 
the different electronic density with respect to Ca2+ ions and to the introduction of 
structural defects, with the formation of clusters of [EuO8] and VCa sites, which can be 
seen from the amplification of the strongest diffraction peak (Fig. 1b) 44. This 
observation is a strong indication of the successful substitution of Ca2+ by Eu3+ in the A 
sites (AZrO3) of the CZO material 
45. This maintained the charge balance in the 
syntheses, generating calcium vacancies. In this way, the crystal is populated with 
calcium vacancies, which result in p-type semiconductor properties and in a relaxation 
of the crystalline lattice.  
The PPM has been employed for the synthesis of various systems, such as 
LnMn0.5Fe0.5O3 (Ln = La, Pr, Nd, Sm, and Gd) 
46, CaxBi(1−x)FeO3 (x = 0.0, 0.1, 0.2, 
0.3)47, Ca0.98Er0.01Yb0.01TiO3 
48, SrZrO3 and SrTiO3 
49, as well as SrSn1−xTixO3 
50. 
3.2 Optical properties 
 It is well known that the optical properties of molecular systems are intrinsically 
associated with excited electronic states, such as s* and t* states. However, the solid-
state theory relies on electron-hole pair generation to explain electrical and optical 
phenomena. Here, we present optical experiments on CZO and CZO:Eu3+ materials to 
provide a new and deeper interpretation of optical effects in the solid state. 
In previous studies, we have shown that the defect-induced band-gap (Egap) 
reduction in crystalline structures is associated with intermediate electronic levels 
introduced in the band-gap51-56. Such mechanism has been improved a lot with 
description from s* and t* states. We consider such electronic states as the quantum 
evidence of the electron-hole pair generation of solid-state theory. Then, the 
interpretation of Figs. 2a and 2b is consistent with our previous reports.  
The introduction of Eu3+ dopants causes significant changes in the Egap of CZO, 
originating from the intermediate electronic levels; these effects can be investigated in 
higher detail based on the properties of the s* and t* states. The results of the 
experiments (Fig. 2) show that the Egap decreases from 5.60 to 3.82 eV going from CZO 
to CZO:Eu3+. The marked Egap reduction (1.78 eV) is associated with the high density of 
defects introduced by the substitution of Ca2+ by Eu3+ cations 57. 
 
FIGURE 2 
 
The PL spectra can be used to investigate how the optical properties are affected 
by the Eu3+ doping process. The direct inspection of a luminescence profile is an 
effective and rapid way to detect changes in the electronic excitations and 
corresponding alterations in the electronic energy levels. Therefore, it is important to 
connect the PL spectra with the energy level diagram, in order to identify the nature of 
the photoemission.  
 In Figure 3, the PL spectra of pure CZO and doped CZO:Eu3+ materials are 
displayed. For the later, the spectrum is almost entirely flat, as it should be expected for 
an excitation far below the pure crystal absorption threshold; however, at the doped 
CZO:Eu3+, there is the presence of defects in this material that can be associated with 
Ca vacancies generated by the structural and electronic changes of the [EuO8] clusters 
in the crystalline network.  The electronic states involved in the luminescence process 
were obtained from the energy level diagram indicating the transition probabilities for 
Eu3+ ions.  
FIGURE 3 
 
 The electronic transitions associated to the 5D0→7Fj (j = 0, 1, 2, 3, 4, 5) 
emissions occur between 570 and 720 nm (see Fig. S1). In particular, the 5D0→7F2 
transition is allowed; however, the electric dipole mechanism is significantly influenced 
by the crystalline field (hypersensitive transition), while the magnetic dipole mechanism 
is less affected by it. Therefore, this transition can be considered as a reference for all 
transitions occurring in the system58-60. The area ratio of the peaks corresponding to the 
5D0→7F2 and 5D0→7F1 transitions provides valuable information on the changes in the 
environment around the Eu3+ ions and is a useful tool to measure the degree of distortion 
in the A sites, which introduces asymmetry in the electronic distribution and facilitates 
the charge transfer process 61, 57, 45. For the CZO:Eu3+ sample, we obtained a 
5D0→7F2/5D0→7F1 peak intensity ratio of 5.14. For similar systems, such as CaTiO3 
doped with Eu3+, the ratios between the intensities of D→F electronic transitions were 
between 2 and 4, with lower values associated with a higher symmetry of the Eu3+ site 
45. When applied to the present CZO:Eu3+ samples, the same analysis yielded a 
5D0→7F2/5D0→7F1 ratio of 5.14, showing that the Ca2+ and Eu3+ ions in CZO:Eu3+ were 
located in low-symmetry or more disordered sites. 
 
3.3. Theoretical analysis 
In this section, we present theoretical results supporting a new interpretation of 
optical properties in the solid state. To this purpose, we present a new quantum model 
linking the generation of electron-hole pairs to the excited electronic states. 
The orthorhombic structure of CZO is displayed in Figs. 4(a–c) in terms of its 
component clusters; the figure illustrates the substitution of Eu3+ in the [CaO8] 
cuboctahedral sites, while the [ZrO6] sites remain unchanged as octahedral sites. The 
replacement of Eu3+ generates VCa sites in the host matrix, required to neutralize the unit 
cell (Eq. 1). According to theoretical calculations, the lattice relaxation percentage with 
the Eu inclusion is less than 3%. In addition, the farther clusters of the substitution and 
of the Ca vacancy have less distorted Ca-O bonds, while the [EuO8] clusters and the 
nearest Ca-O coordination clusters and close to the vacancy present a greater distortion. 
In terms of the cation replacement and vacancy formation mechanisms associated to the 
doping process, the crystalline structure of CZO:Eu3+ is expected to exhibit a new 
equilibrium between the attractive and repulsive interactions established through 
chemical bonds in the solid, resulting in a singular electronic structure compared to pure 
CZO, which can in turn produce interesting electronic properties.  
 
FIGURE 4 
3.3.1. Electronic structure 
 Precise control of several photoassisted properties (photoluminescence, 
photocatalysis, photodegradation, and others) is often related to electronic structure 
engineering, in which different kinds of mechanisms such as doping, vacancy 
formation, structural distortions, etc. allow redistributing the electronic density (mainly) 
around the band-gap region. Charge- and spin-resolved analyses are important tools to 
rationalize the electronic structure of solid-state materials. Therefore, we calculated the 
DOS and band structure profiles (Figs. 5a and 5b). Considering the importance of 
taking into account the presence of excited states in order to accurately describe the 
effect of electron-hole pair generation and recombination processes on the photoinduced 
properties, in this study we investigated excited singlet (s*) and triplet (t*) states by 
combining the analyses mentioned above. The main purpose was to rationalize the PL 
emission of CZO:Eu3+ following an approach similar to that employed in our previous 
study of pure CZO 25. 
 
 FIGURE 5  
The experimental values of Egap shown in Fig. 2 are 5.60 eV (pure CZO) and 
3.82 eV (CZO:Eu3+). Our previous DFT calculations for pure CZO 25 yielded an Egap 
value of 6.23 eV, in agreement with the experimental results. In addition, the s, s* (Fig. 
S2), and t* (Fig. 5) calculations for CZO:Eu3+ (12.5%-doped) gave Egap values of 5.09, 
4.90, and 3.88 eV, respectively; therefore, the main electronic state associated with the 
UV-vis results (Fig. 2) is the t* one. The projected DOS for the t* model (Fig. 5) show 
that the upper levels of the valence band (VB) consist mainly of O orbitals, while the 
conduction band (CB) is predominantly formed by Zr and Eu orbitals, with a small 
contribution from Ca orbitals, and the same results are found for the s and s* states (Fig. 
S2). In addition, it was observed that the degenerate states of both the valence band 
maximum (VBM) and conduction band minimum (CBM) are sensitive to the s* and t* 
electronic states, creating an excitation mechanism capable of describing the generation 
of electron-hole pairs based on quantum chemistry. In fact, the comparison of the DOS 
profiles for the s and s* states (Fig. S2) shows that the bands located between the VBM 
and CBM in the s state were displaced to a higher energy in s*. Furthermore, the 
transition for the t* perturbs both levels evidencing a band separation in both VB and 
CB. This can be attributed to the existence of non-degenerate energy levels for the 
excited s* and t* states, which are controlled by the spin multiplicity. 
The analysis of the spin density is a useful tool to understand the nature and 
localization of the electron-hole pair originated from electronic excitation. It is 
important to point out that the spin density distributions (in e/bohr3 units) were 
calculated using a regular 3D grid of points, enabling the analysis of the spin-resolved 
density matrix based on the difference between the alpha- and beta-spin occupations. In 
this way, spin density difference maps provide a pictorial representation of the unpaired 
electron density distribution. The calculated spin density distribution for the t* state of 
CZO:Eu3+ is shown in Fig. 6. The distribution indicates that the spin density is 
predominantly localized on the Zr and O atoms, with a minor contribution on the Eu 
atoms. Furthermore, the largest spin populations were found closer to [EuO8] clusters, 
suggesting that the doping process induces local disorder on the electronic density 
distribution, due to the oxygen-mediated interaction between Eu- and Zr-centered 
clusters ([EuO8] and [ZrO6], respectively). 
 
FIGURE 6 
 As discussed above, the Eu3+ doping process of pure CZO is supported by the 
presence of calcium vacancies, which balance the excess charge and neutralize the unit 
cell (Eq. 1). In particular, [ZrO6] clusters located near to a VCa site play a key role in the 
stabilization of the t* state. A possible explanation for this result is the charge/spin 
density reorganization on the neighboring clusters, which increases the electron density 
population along the oxygen-mediated [EuO8]-[ZrO6] interaction. In contrast, both 
[AO8] (A = Ca, Eu) and [ZrO6] clusters contribute to the spin population in CZO:Eu
3+. 
In the following, we discuss the spin distributions calculated for five CZO:Eu3+ 
surface models in terms of their undercoordinated clusters and impurity centers (Eu3+ 
and VCa). In general, similar spin density distributions were observed for all investigated 
surfaces, in agreement with the results obtained for the bulk. The results presented in 
Fig. 6 indicate that the exposed surfaces are formed by [ZrO]n (n = 3–5) clusters 
exhibiting the largest spin density population, while [EuO]n (n = 4–6) clusters only give 
a minor contribution to the t* state stabilization. Therefore, similar to the bulk, the 
perturbation of the electronic density is associated to the oxygen-mediated [EuO8]-
[ZrO6] interaction and, consequently, to the generation of electron-hole pairs on the 
surface. 
As expected for surface models, dangling bonds have a strong effect on the 
electronic structure of the CZO:Eu3+ material. The standard procedure to generate 
surface models as slabs cut from the bulk structure leads to the generation of oxygen 
vacancies, resulting in undercoordinated clusters. In this way, the symmetry breaking 
process in the component clusters alters the local environment on the surface, creating 
intermediate energy levels in the Egap region. These new intermediate levels have high 
energy because they originate from the uncoupling of degenerate orbitals, and act as 
traps of excited electrons. In fact, the unpaired spin density displayed in Fig. 6 is 
predominantly localized on undercoordinated clusters exposed of the surface, indicating 
that the electron-hole pair generation is assisted by migration of electrons from bulk to 
surface. From this point of view, our results suggest that the CZO:Eu3+ surface can act 
as a photocatalytic semiconductor, in which the excited states can produce radical 
species from the adsorption of O2 and H2O molecules on the undercoordinated clusters. 
Doping with Eu3+ cations then generates a new spin density distribution; being located 
on the oxygen-mediated [EuO8]-[ZrO6] interaction, this spin density can now be trapped 
in empty Zr (4d) and Eu (4f) orbitals. 
In order to clarify the effect of Eu3+ cations on the PL emissions of CZO, we 
propose a general scheme combining the DOS, band structure, and spin density 
calculations for s, s*, and t* states, as shown in Fig. 7. Initially, the Eu3+ doping process 
induces the formation of VCa sites that perturb the VB energy levels, and promotes the 
insertion of 4f orbitals in the CBM; in other words, intermediate energy levels are 
introduced in the Egap region, reducing the energy required for electron transfer (Fig. 
7a). The next step is the photoinduced electron transfer from the VB to the CB, 
generating an electron-hole pair within the CZO:Eu3+ electronic structure (Fig. 7b). 
This step is crucial because it offers a new interpretation of the optical properties of a 
material. We link the excited states theory to the generation of electron-hole pairs, 
providing a deeper understanding of optical effects in the solid state. This new approach 
was proposed in previous studies and has been confirmed in the present work 25 . The 
proposed connection between excited states and optical properties is well established in 
quantum chemical approaches; however, the present quantum evidence of dangling 
bonds generating electron-trapping levels and localizing spin density is entirely new. 
Therefore, this quantum modeling analysis represents a highly significant contribution. 
In particular, the contribution of both empty Zr (4d) and Eu (4f) states to the CBM 
enables charge competition between these metallic centers. The photoluminescent effect 
ultimately originates from electron decay processes, which take place more efficiently 
in CZO:Eu3+ than CZO. 
 
FIGURE 7 
 
3.4. Morphology analysis 
The FEG-SEM technique is a key tool to analyze the powder surface 
morphology of the samples synthesized in this work, because XRD is not suitable for 
characterizing minor structural modifications and identifying the relevant correlations 
between the PL response and structural changes in the sample. Fig. 8 shows FE-SEM 
images of the CZO and CZO:Eu3+ powders, revealing the presence of agglomerates 
with complex morphology and a large number of exposed crystalline faces. This soft-
agglomerated powder morphology is a common product of the polymeric precursor 
synthesis; with increasing temperature, the release of gas from the ongoing 
carbothermal reaction results in the formation of pores of different sizes; then, the 
morphology becomes gradually more ordered with a decrease in the density of defects, 
and changes from amorphous, to semicrystalline, to crystalline with a low defect 
density, enabling the construction of theoretical morphology maps. This fact is proven 
by the low luminescent broadband of pure CZO. On the other hand, the doped CZO 
sample shows well-defined PL peaks of Eu3+ ions, reflecting the crystallinity of the 
material, i.e., the effect of the crystalline field. 
 
FIGURE 8 
 
To clarify the influence of the defects introduced by the Eu3+ dopants on different 
crystalline facets, we obtained theoretical models of CZO crystals using the Wulff 
construction62, according to the procedure applied in our previous studies 25, 63-66. In 
particular, we obtained Wulff constructions corresponding to the ideal structure of 
CZO:Eu3+ in s* and t* states. In addition, Fig. 9 illustrates the approach used to predict 
the morphology changes of the crystals and evaluate their equilibrium shape based on 
surface thermodynamics and excited state properties. 
 
FIGURE 9 
The analysis in Figs. 9a and 9b shows that the ideal morphology for CZO:Eu3+ 
in the s* and t* states is controlled by the (111), (001), (011), and (100) surfaces. 
However, the two states show different ideal morphologies: for the s* state, the (111), 
(001), (100), and (011) surfaces contribute 61.03%, 29.04%, 8.07%, and 1.86%, 
respectively, of the total surface area, whereas for the t* state the (111), (100), (001), 
and (011) contributions are 45.63%, 23.08%, 19.76%, and 11.53%, respectively. The 
different morphology of the s* and t* states can be attributed to a different order of 
stability of the surfaces. The Esurf values indicate the order of stability (111) > (001) > 
(011) > (100) > (121) for the s* state, whereas the (111) > (100) > (011) > (001) > (121) 
stability order was observed for t* state. Moreover, the (121) facet was found to be the 
most unstable surface for the CZO:Eu3+ material, revealing an opposite stability order 
compared to pure CZO, for which (121) is the plane with the lowest Esurf 
25. This 
observation complements the differences between the (121) peaks observed in the XRD 
patterns of the two samples (Fig. 1), suggesting that the Eu doping induces disorder in 
the crystalline structure of CZO, mainly in the (121) plane. 
 4. Conclusions 
CZO:Eu3+ was successfully synthesized using the polymeric precursor method. The 
XRD analysis revealed the good crystallinity and single-phase characteristics of the 
sample. A combination of experimental techniques and first-principles calculations 
showed that the introduction of Eu3+ cations and the creation of calcium vacancies in the 
CZO structure resulted in a reduction of the band-gap. In addition, theoretical 
calculations based on the excited electronic states were employed to interpret the 
photoluminescent emissions of the CZO:Eu3+ samples. FEG-SEM images revealed that 
the pure and Eu-doped CZO3 materials exhibited similar morphology, indicating minor 
changes in the shape of CZO particles upon doping. From a theoretical point of view, 
the analysis of the faceted morphologies calculated from the Wulff construction using 
the (111), (100), (011), (001), (201), (101), and (121) cleavage planes of the CZO:Eu3+ 
crystal allowed determining the surface energies corresponding to the complex 
morphologies observed experimentally. 
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 Fig. 1. XRD patterns for (a) pure CZO sample with plans indexed and Eu3+ doped 
(10%) samples. (b) Displacement for left shift of the (200), (121) and (002) peaks. 
(a) 
(b) 
 
Fig. 2. UV–vis absorption spectrum. (a) CZO and (b) CZO:Eu3+ doped (10%).  
(a) (b) 
  
Fig. 3. Photoluminescence spectra excited at 350.7 nm of Eu3+ emission. 
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Fig. 4. CZO crystalline structure represented by polyhedral clusters. (a) [ZrO6] and 
[CaO8] clusters in blue and green colors, respectively. (b) Orthorhombic unit cell of the 
pure CZO and (c) Eu3+ doped. 
a) 
b) 
c) 
  
 
Fig.5. Electronic structure for CZO:Eu (12.5%) in triplet state. (a) Band structures and 
(b) projected DOS on atomic levels of CZO:Eu3+ (12.5%) model.  
 
 
 
121 
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b) 
Fermi level 
Fig. 6. A schematic representation for spin density isosurfaces (in yellow) calculated 
for bulk and surface models of CZO:Eu3+ (10%) in triplet state (t*). 
 Fig. 7. Scheme to represent (a) the electronic structure for both pure and Eu-doped 
CZO material; (b) photo-induced electron transfer mechanism describing the singlet 
to triplet state excitation, as well as the electron decaiment related to the light 
emission. 
  
Fig. 8. FE-SEM micrographs. (a) pure CZO and (b) CZO:Eu3+ (10%).  
 
(b) (a) 
  
a) 
 Fig. 9. Morphology modulations (a) s and (b) t* for CZO:Eu3+ (12.5%) surfaces. 
b) 
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Figure S1. Band structure and DOS (a) s and (b) s* for  CZO:Eu3+ (12.5%). 
 
 
 
b) 
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